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ABSTRACT 
Experimental  s t a t i c  aerodynamic d a t a  f o r  s i x  conf igura t ions  of t h e  
Apollo/Saturn V launch v e h i c l e  a r e  presented .  Tes t s  were conducted a t  
s i x  d i f f e r e n t  f a c i l i t i e s  on 0.3366, 0.9,  and/or  4 percent  scale  models a t  
Mach numbers ranging from 0.5 through 7 . 8 1 ,  a t  ang le s  of a t t a c k  ranging 
from -4 through +20 degrees ,  and f o r  Reynolds numbers ranging from 
0 .5  x 10" through 8 .0  x l o 6  based on v e h i c l e  r e f e r e n c e  diameter .  
conf igura t ions  were t e s t e d  a t  a r o l l  a n g l e  of ze ro  deg rees ,  and some were 
a l s o  t e s t e d  a t  +45 and +90 degrees r o l l  ang le .  C o r r e l a t i o n  of dat,a from 
the  d i f f e r e n t  t e s t s  w a s  reasonably good except  where the  f o r c e  balance 
was n o t  proper ly  matched t o  t h e  c o n f i g u r a t i o n  and,  i n  one case, where 
protuberance e f f e c t s  were n o t  c o r r e c t l y  s imulated wi th  the  s m a l l e s t  model. 
A l l  
NASA - GEORGE C. MARSHALL SPACE FLIGHT CENTER 
d 
NASA - GEORGE C; MARSHALL SPACE F L I G H T  CENTER 
T e c h n i c a l  M e m o r a n d u m  X - 5 3 7 7 0  
A u g u s t  2 1 ,  1968 
RESULTS OF SEVERAL EXPERIMENTAL INVESTIGATIONS 
OF THE S T A T I C  AERODYNAMIC CHARACTERISTICS 
FOR THE APOLLO/SATURN V LAUNCH VEHICLE 
BY 
C l y d e  E .  Walker 
EXPERIMENTAL AERODYNAMICS S EC TION 
AERODYNAMIC DESIGN BRANCH 
AEROPHYS I C  S D I V I S I O N  
AERO-ASTRODYNAMICS LABORATORY 
RESEARCH AND DEVELOPMENT OPERATIONS 
d 
TABLE OF CONTENTS 
Page 
I. INTRODUCTION ............................................ 
11. TESTS ................................................... 
A. Model D e s c r i p t i o n  ................................... 
B. F a c i l i t i e s  .......................................... 
C. Tes t  Conditions and Procedures ...................... 
111. RESULTS OF TESTS.... .................................... 
A. V a r i a t i o n  of Normal Force C o e f f i c i e n t  w i t h  Angle of 
B. V a r i a t i o n  of S t a t i c  Longi tudinal  S t a b i l i t y  w i t h  
C .  V a r i a t i o n  of Axial  Force C o e f f i c i e n t  w i t h  Mach 
D. V a r i a t i o n  of S t a t i c  Longi tudinal  S t a b i l i t y  w i t h  
At tack  and w i t h  t h e  P i t c h i n g  Moment C o e f f i c i e n t  ..... 
Mach Number a t  Angles of At tack  Near Zero Degrees ... 
Number a t  Angles of At tack  Near Zero Degrees ........ 
Mach Number a t  Angles a f  At tack  from +2 t o  +20 
Degrees ............................................. 
E .  E f f e c t s  of F i n s ,  Shrouds, and/or  Protuberances on 
the  V a r i a t i o n  of S t a t i c  Longi tudinal  S t a b i l i t y  
With Mach Number a t  Angles of At tack  Near Zero 
Degrees ............................................. 
E f f e c t  of Reynolds Number on the  S t a t i c  Longi tudinal  
S t a b i l i t y  V a r i a t i o n  w i t h  Mach Number a t  Angles of 
F. 
At tack  Near Zero Degrees ............................ 
G. E f f e c t  of Reynolds Number on t h e  Forebody Axial  
Force C o e f f i c i e n t  V a r i a t i o n  w i t h  Mach Number a t  
Angles of At tack  Near Zero Degrees .................. 
E f f e c t  of Reynolds Number on the  S t a t i c  Longi tudinal  
S t a b i l i t y  V a r i a t i o n  w i t h  Mach Number a t  Angles of 
H. 
At tack  from 2 t o  16  Degrees ......................... 
I V .  CONCLUSIONS. ............................................ 
REFERENCES .............................................. 
ABRIDGED BIBLIOGRAPHY OF SATURN V STATIC AERODYNAMIC 
REPORTS ................................................. 
3 
3 
4 
6 
9 
9 
10 
15 
17 
18 
18 
19 
19 
20 
165 
16 7 
iii 
LIST OF ILLUSTRATIONS 
Figure T i t l e  
1 Test Conf igura t ions  ................................. 23 
2 Model Geometry . Apollp-Saturn V Launch Vehicle  ..... 24 
3 Photographs from CAL 8-Foot TWT of Typical  Model 
I n s t a l l a t i o n  of 0.9 Percent  Apollo-Saturn V Launch 
Vehicle  ............................................. 25-26 
4 Photographs from MSFC 14-Inch TWT of Typical  Model 
I n s t a l l a t i o n  of 0.3366 Percent  Apollo-Saturn V 
Launch Vehicle  ...................................... 27 
5 Photographs from AEDC l 6 - ~ o o t  TWT of Typical  Model 
I n s t a l l a t i o n  of 4 Percent  Apollo-Saturn V Launch 
Vehicle  ............................................. 
10 
11 
1 2  
V a r i a t i o n  of Reynolds Number w i t h  Mach Number f o r  
t he  Apollo-Saturn V Launch Vehicle  .................. 
28 
29 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of t he  Apollo- 
S a t u r n  V Launch Vehicle i n  the  CAL 8-Foot Transonic  
Wind Tunnel. ........................................ 30-41 
S t a t i c  Aerodynamic C h a r a c t e r i s t i c s  of t he  Apollo- 
S a t u r n  V Launch Vehicle wi thout  Protuberances i n  t h e  
CAL 8-Foot Transonic Wind Tunnel .................... 42-49 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of t he  Apollo- 
Sa turn  V Launch Vehicle wi thout  Fins i n  t h e  CAL 
8-Foot Transonic  Wind Tunnel.. .  ..................... 50-57 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of t h e  Apollo- 
Sa turn  V Launch Vehicle wi thout  F ins ,  Shrouds, and 
Base Flow Def lec tors  i n  the  CAL 8-Foot Transonic  
Wind Tunnel ......................................... 58-61 
S t a t i c  Aerodynamic C h a r a c t e r i s t i c s  of the  Apollo- 
Sa turn  V Launch Vehicle i n  the  AEDC/VKF 40-Inch 
Supersonic Tunnel “A“. .............................. 62-65 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of t he  Apollo- 
Sa turn  V Launch Vehicle wi thout  F i n s ,  Shrouds, and 
Base Flow D e f l e c t o r s  i n  the  AEDC/VKF 40-Inch Super- 
s o n i c  Tunnel “A“ .................................... 66-67 
i v  
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  Page Figure 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
S t a t i c  Aerodynamic C h a r a c t e r i s t i c s  of t he  Apollo- 
S a t u r n  V Launch Vehicle i n  t h e  LTV &Foot High 
Speed Wind Tunnel .................................... 68-81 
S t a t i c  Aerodynamic Charac te r i s  t i c s  of the  Apollo- 
S a t u r n  V Launch Vehicle wi thout  F i n s ,  Shrouds, and 
Base Flow D e f l e c t o r s  i n  t h e  LTV &Foot High Speed 
Wind Tunnel .......................................... 82-89 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of the  Apollo- 
S a t u r n  V Launch Vehicle Without F i n s ,  Shrouds, and 
Protuberances i n  the  LTV &Foot High Speed Wind 
Tunnel ............................................... 90-93 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  o f  the Apollo- 
Sa turn  V Launch Vehicle wi thout  LES and Command 
Module i n  the  LTV &Foot High Speed Wind Tunnel..  .... 94-95 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of the Apollo- 
Sa turn  V Launch Vehicle i n  the  MSFC 14-Inch T r i -  
s o n i c  Wind Tunnel .................................... 96-109 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of the  Apollo- 
Sa turn  V Launch Vehicle  without  F ins ,  Shrouds, and 
Base Flow Def lec tors  i n  the  MSFC 14-Inch T r i s o n i c  
Wind Tunnel .......................................... 110-123 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of the  Apollo- 
Sa turn  V Launch Vehicle i n  the  AEDC/VKF 12-Inch 
Hypersonic Tunnel "E" ................................ 124-125 
S t a t i c  Aerodynamic C h a r a c t e r i s  t i c s  of the  Apollo- 
S a t u r n  V Launch Vehicle wi thout  F i n s ,  Shrouds, and 
Base Flow Def lec tors  i n  the  AEDC-VKF 12-Inch Hyper- 
s o n i c  Tunnel "E" ..................................... 126-127 
S t a t i c  Aerodynamic C h a r a c t e r i s t i c s  of the  Apollo- 
S a t u r n  V Launch Vehicle i n  t h e  AEDC/PWT l 6 - ~ o o t  
Transonic  Tunnel ..................................... 128-137 
V a r i a t i o n  of the Normal Force C o e f f i c i e n t  Gradient  
and Center  of Pressure  w i t h  Mach Number f o r  t he  
Apollo-Saturn V Launch Vehicle (a  M Oo) .............. 138-140 
J 
LIST OF ILLUSTRATIONS (Continued) 
Figure T i t l e  Page 
23 V a r i a t i o n  of Normal Force C o e f f i c i e n t  Gradient  and 
Center  of Pressure  w i t h  Mach Number f o r  t he  Apollo- 
S a t u r n  V Launch Vehicle wi thout  Protuberances 
(a  = 0") ............................................. 141 
24 
25 
26 
27 
28 
29 
30 
31 
V a r i a t i o n  of Normal Force C o e f f i c i e n t  Gradient  and 
Center of P r e s s u r e  w i t h  Mach Number f o r  t h e  Apollo- 
S a t u r n  V Launch Vehicle wi thout  Fins (a x 0") ....... 142 
V a r i a t i o n  of Normal Force C o e f f i c i e n t  Gradient  and 
Center of Pressure  w i t h  Mach Number f o r  t he  Apollo- 
S a t u r n  V Launch Vehicle  wi thout  F ins ,  Shrouds and 
Base Flow D e f l e c t o r s  (a  = 0 ' )  ........................ 143-145 
V a r i a t i o n  of Normal Force C o e f f i c i e n t  Gradient  and 
Center of Pressure  w i t h  Mach Number f o r  t he  Apollo- 
Sa turn  V Launch Vehicle wi thout  F ins ,  Shrouds,  and 
Protuberances (a  = 0") ............................... 146 
V a r i a t i o n  of Normal Force C o e f f i c i e n t  Gradien t  and 
Center of Pressure  w i t h  Mach Number f o r  t h e  Apollo- 
Sa turn  V Launch Vehicle wi thout  LES and Command 
Module (a  = 0") ...................................... 146 
V a r i a t i o n  of Axial  Force C o e f f i c i e n t  w i t h  Mach 
Number f o r  t he  Apollo-Saturn V Launch Vehicle 
(a  = 0 ' )  ............................................. 147 
V a r i a t i o n  of Axial  Force C o e f f i c i e n t  w i t h  Mach 
Number f o r  t he  Apollo-Saturn V Launch Vehicle with-  
o u t  Protuberances (a = 0") ........................... 148 
V a r i a t i o n  of Axial  Force C o e f f i c i e n t  w i t h  Mach 
Number f o r  the Apollo-Saturn V Launch Vehicle  w i t h -  
o u t  Fins  ( a  = 0") .................................... 148 
V a r i a t i o n  of Axial  Force C o e f f i c i e n t s  w i t h  Mach 
Number f o r  t h e  Apollo-Saturn V Launch Vehic le .wi th-  
o u t  F ins ,  Shrouds, and Base Flow Def lec tors  (a  = 0'). 149 
c 
v i  
d 
LIST OF ILLUSTRATIONS (Continued) 
* 
Figure 
32 
3 3  
34 
35 
36 
37 
38 
T i t l e  Page 
V a r i a t i o n  of Axial  Force C o e f f i c i e n t  w i t h  Mach 
Number f o r  the  Apollo-Saturn V Launch Vehicle wi th-  
o u t  F ins ,  Shrouds and Protuberances (a  = 0") .......... 150 
V a r i a t i o n  of Axial  Force C o e f f i c i e n t  w i t h  Mach 
Number f o r  t he  Apollo-Saturn V Launch Vehicle  wi th-  
o u t  LES and Command Module (a  = 0") ................... 150 
V a r i a t i o n  of Normal Force C o e f f i c i e n t  and Center  of 
P res su re  w i t h  Mach Number and Angle of At tack  f o r  
the  Apollo-Saturn V Launch Vehic le . .  .................. 151-159 
E f f e c t  of F i n s ,  Shrouds,  and Protuberances on the  
V a r i a t i o n  of Normal Force C o e f f i c i e n t  and Center of 
P res su re  w i t h  Mach Number f o r  t he  Apollo-Saturn V 
Launch Vehicle  ( a  = 0') ............................... 160 
E f f e c t  of Reynolds Number on the  V a r i a t i o n  of Normal 
Force C o e f f i c i e n t  Gradien t  and Center of P res su re  
w i t h  Mach Number f o r  the  Apollo-Saturn V Launch 
Vehicle  (a  = 0"; $J = 45") ............................. 161 
E f f e c t  of Reynolds Number on the  Var i a t ion  of Fore- 
body Axia l  Force C o e f f i c i e n t  w i t h  Mach Number f o r  t he  
Apollo-Saturn V Launch Vehicle  (a  = 0 " ;  $J = 45") .  ..... 161 
E f f e c t  of Reynolds Number on the  V a r i a t i o n  of Normal 
Force C o e f f i c i e n t  and Center  of P res su re  w i t h  Mach 
Number and Angle of At tack  f o r  t he  Apollo-Saturn V 
Launch Vehicle  ($J = 45" ) .  ............................ 162-164 
v ii 
DEFINITION OF SYMBOLS 
Symbol D e f i n i t i o n  
base  a x i a l  f o r c e  c o e f f i c i e n t ;  (P - Pb) Ab/qS 
forebody a x i a l  f o r c e  c o e f f i c i e n t ;  C A ~  - CAb 
t o t a l  a x i a l  f o r c e  c o e f f i c i e n t ;  (Axial Force)/qS 
cAb 
cAf 
r o l l i n g  moment c o e f f i c i e n t ;  (Rol l ing Moment)/qSD 
p i t c h i n g  moment c o e f f i c i e n t  about  S - I C  gimbal s t a t i o n  
g ( v e h i c l e  s t a t i o n  100) ; (P i t ch ing  Moment) /qSD 
Cm 
CN normal f o r c e  c o e f f i c i e n t ;  (Normal Force)/qS 
normal f o r c e  c o e f f i c i e n t  g r a d i e n t  w i t h  a n g l e  of a t t a c k  
a t  a = 0 " ;  dCN/da (deg-l)  c N a  
Cn yawing moment c o e f f i c i e n t ;  (Yawing Moment) /qSD 
yawing f o r c e  c o e f f i c i e n t ;  (Yawing Force)/qS 
CP/ D c e n t e r  of p r e s s u r e  ( i n  c a l i b e r s )  forward of v e h i c l e  s ta-  
t i o n  100 (S-IC gimbal s t a t i o n )  
D Sa turn  V r e f e r e n c e  diameter  (S-IC s t a g e ) ,  33 f e e t ,  f u l l  s c a l e  
M f r e e  stream Mach number 
P f r e e  s t ream s t a t i c  p r e s s u r e  
base p r e s s u r e  
t o t a l  ( s t a g n a t i o n )  p r e s s u r e  
f r e e  stream dynamic p r e s s u r e  $ PM2 
f r e e  s t ream Reynolds number p e r  f o o t ;  
f r e e  s t ream Reynolds number based on r e f e r e n c e  diameter ;  
P 
P 
P t  
q 
RN/ FT f t ' l  
IJ 
PvD/ IJ 
RND 
r e f e r e n c e  area based on diameter ;  D2 ( f t 2 )  S 4 
v f r e e  stream v e l o c i t y  ( f t / s e c )  
v i i i  
d 
DEFINITION OF SYMBOLS (Continued) 
Symbol D e f i n i t i o n  
a ang le  of a t t a c k  (degrees)  
P. f r e e  s t r eam a b s o l u t e  v i s c o s i t y  
P f r e e  s t r eam d e n s i t y  
NONSTANDARD ABBREVIATIONS 
CM 
LES 
SM 
LEM 
s-IC 
LTV 
GAL 
AEDC 
MS8C 
command module 
launch escape s y s  tem 
s e r v i c e  module 
l u n a r  excurs ion  module 
f i r s t  s t a g e  f o r  t he  Sa turn  V launch v e h i c l e  
Ling - Temco -Vought 
Corne 1 1 Aeronaut ica l  Laboratory 
Arnold Engineer ing Development Center  
Marsha l l  Space F l i g h t  Center 
i x  
d 
TECHNICAL MEMORANDUM X-53770 
RESULTS OF SEVERAL EXPERTMENTAL INVESTIGATIONS 
OF THE STATIC AERODYNAMIC CHARACTERISTICS 
FOR THE APOLLO/SATURN V LAUNCH VEHICLE 
SUMMARY 
Experimental  s t a t i c  aerodynamic d a t a  f o r  s i x  conf igu ra t ions  of the  
Apollo-Saturn V Launch Vehicle a t  r o l l  ang le s  of 0,  +45, and /o r  +90 degrees  
a r e  p re sen ted .  These d a t a ,  which were needed t o  complement p re l imina ry  
s m a l l - s c a l e  model data ,were obta ined  from s i x  wind tunnel  t e s t s  on 0.3366,  
0 .9 ,  and /o r  4.0 percen t  s c a l e  models. Although six-component f o r c e  data 
were obta ined  du r ing  each t e s t ,  only l o n g i t u d i n a l  s t a b i l i t y  and a x i a l  
f o r c e  c o e f f i c i e n t s  a r e  p re sen ted ,  because o t h e r  c o e f f i c i e n t s  a r e  smal l  
and a r e  thus of secondary i n t e r e s t .  Tes t  cond i t ions  span a Mach number 
range from 0.5 through 7.81 ,  a n  ang le -o f -a t t ack  range from -4  through 
+20 degrees ,  and a Reynolds number range from 0.5 x l o 6  through 8.0 x l o 6  
based on r e f e r e n c e  d iameter .  
Resu l t s  show t h a t  the  s m a l l  s c a l e  model d a t a  from MSFC agree  w e l l  
w i t h  d a t a  from the  l a r g e r  models and tunnels  except  f o r  one case  on the  
s m a l l e s t  s i z e  model where the  e f f e c t s  of base  f low d e f l e c t o r s  on forebody 
a x i a l  f o r c e  c o e f f i c i e n t  w a s  no t  c o r r e c t l y  s imula t ed ,  thus i n d i c a t i n g  the  
need f o r  c a u t i o n  i n  using t h i s  s c a l e  model t o  determine the  e f f e c t s  of 
s m a l l  e x t e r n a l  pro tuberances .  
The c o r r e l a t i o n  of data from a l l  the  t e s t s  -- even g r a d i e n t s  near  
ze ro  degrees  f o r  t he  h igh  ang le -o f -a t t ack  t e s t s  -- is  w i t h i n  accep tab le  
l i m i t s  f o r  most purposes except  when the  f o r c e  ba lance  was  n o t  p rope r ly  
matched t o  the  conf igu ra t ions  wi thout  f i n s  and shrouds.  
I. INTRODUCTION 
The Sa tu rn  V, t he  l a r g e s t  U. S .  launch v e h i c l e  under development, 
i s ,  w i t h  the  Apollo capsule  mounted, over 363 f e e t  long,  weighs approxi-  
mate ly  s i x  m i l l i o n  pounds w i t h  f u e l ,  and gene ra t e s  8.7 m i l l i o n  pounds of 
t h r u s t  i n  i t s  f i r s t  t h r e e  s t a g e s .  I n  P r o j e c t  Apollo,  t he  Sa tu rn  V w i l l  
launch 280,000 pounds i n t o  an  e a r t h  o r b i t .  Then from the  e a r t h  parking 
d 
o r b i t ,  t he  95,000-pound s p a c e c r a f t ,  inc luding  the LEM, SM, and C M , w i l l  
be i n j e c t e d  i n t o  the  proper t r a j e c t o r y  t o  proceed w i t h  i t s  mission of 
lunar  e x p l o r a t i o n .  
This r e p o r t  p r e s e n t s  experimental ,  s t a t i c  aerodynamic d a t a  f o r  the 
f l i g h t  c o n f i g u r a t i o n  of the  Apollo-Saturn V launch v e h i c l e .  These data 
were obtained t o  complement previous experimental  d a t a  which had been 
obtained p r i m a r i l y  on smaller s c a l e  models, w i thou t  protuberances,  and 
i n  many cases on p r e l  iminary c o n f i g u r a t i o n s .  (A b i b l  iography of previous 
Sa tu rn  V s t a t i c  aerodynamic r e p o r t s  i s  included .) Six-component f o r c e  
d a t a  obtained i n  each of the s i x  wind tunnel  t e s t s  were reduced t o  coef- 
f i c i e n t  form inc luding  CN, C, , CA, Cy, Cn and CJ. However, the  l a t t e r  
t h ree ,  which f o r  the  Apollo-eaturn V v e h i c l e  a r e  q u i t e  small  compared 
t o  the f i r s t  t h ree ,  a r e  of secondary i n t e r e s t ,  and a r e  n o t  included i n  
t h i s  r e p o r t .  They can be found -- a t  l e a s t  i n  t a b u l a t e d  form -- i n  
re ferences  11, 13, 15,  1 6 ,  and 22. Data were obtained on the  s i x  d i f -  
f e r e n t  t e s t  con f igu ra t ions  presented i n  f i g u r e  1. 
The f i r s t  t e s t  w a s  conducted during June 1966 i n  the  Cornel1 
Aeronaut ical  Laboratory 8-foot  Transonic Wind Tunnel. Data were 
obtained on a 0.9 pe rcen t  s c a l e  model over a Mach number range from 
0.5 through 1 . 3  and over an a range from -4  through +10 degrees ,  The 
a range was  l i m i t e d  s o  t h a t  balance s e n s i t i v i t y  would provide more 
a c c u r a t e  data r e s o l u t i o n  near  zero degrees .  
I n  the  second t e s t , conduc ted  during Ju ly  1966, i n  the  Arnold 
Engineering Development Center 40-inch Supersonic  Tunnel "A", the  same 
0.9 pe rcen t  s c a l e  model was t e s t e d  over a Mach number range from 1.5 
through 5 .9 ,  and over a n  a range from -4 through +10 degrees .  The p r i -  
mary o b j e c t i v e  w a s ,  a g a i n ,  a c c u r a t e  d a t a  r e s o l u t i o n  near zero  degrees 
angle  of a t t a c k .  I n  the t h i r d  t e s t  conducted during August 1966, i n  
the  Ling-Temco-Vought & f o o t  High Speed Wind Tunnel, t he  same 0 .9  per-  
c e n t  s c a l e  model was t e s t e d  over a Mach number range from -4 through 
+22 degrees .  Its purpose was t o  extend the  angle  of a t t a c k  range and 
t o  run l i m i t e d  checks on the  e f f e c t  of Reynolds number v a r i a t i o n s .  
Concurrently w i t h  the  above t e s t ,  a f o u r t h  t e s t  using a 0.3366 per-  
cen t  s c a l e  model was conducted i n  the  Marshal l  Space F l i g h t  Center 
14-inch T r i s o n i c  Wind Tunnel over a Mach number range from 0.5 through 
4.96, and over a n  a range from - 4  through +16 degrees .  This t e s t  w a s  
conducted t o  check f o r  tunnel  i n t e r f e r e n c e  and model s c a l e  e f f e c t s  i n  
the  MSFC 14-inch TWT which has been used e x t e n s i v e l y  f o r  p re l imina ry  
Sa tu rn  V t e s t i n g .  
conf igura t ions  t o  a i d  i n  the  a n a l y s i s  of protuberance e f f e c t s .  Those 
d a t a  may be found i n  r e f e r e n c e  16.  
Another o b j e c t i v e  was  t o  o b t a i n  d a t a  on some special  
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The f i f t h  t e s t  was  conducted dur ing  October 1966 i n  t h e  Arnold 
Engineering Development Center  12-inch Hypersonic Tunnel "E", us ing  
t h e  same 0.3366 pe rcen t  s c a l e  model t e s t e d  a t  MSFC over a Mach number 
range from 5.0 through 7.8,  and over a n  a range from -4  through 1-12 
degrees .  
d a t a  . These d a t a  were obta ined  t o  extend the  Mach range of a v a i l a b l e  
The s i x t h  and f i n a l  t e s t  was conducted dur ing  November 1967 i n  t h e  
Arnold Engineer ing Development Center  Transonic  16- foot  Propuls ion  Wind 
Tunnel (16T). A 4.0 percen t  s c a l e  model w a s  t e s t e d  over a Mach number 
range from . 6  through 1 .3  and over an  a range from -3 through +16 degrees 
t o  determine Reynolds number e f f e c t  on the  aerodynamic c h a r a c t e r i s t i c s ,  
p a r t i c u l a r l y  a t  h igh  angles  of a t t a c k ,  and t o  o b t a i n  p re s su re  d a t a  i n  
the  t a i l b a r r e l  r eg ion ,  p a r t i c u l a r l y  on the f i n s  and shrouds.  
f o r c e  d a t a  from t h i s  t e s t  a r e  presented  i n  t h i s  r e p o r t .  
Only the  
Data are f i r s t  p resented  by f a c i l i t y .  Then they a r e  combined i n t o  
s u m a r y  p l o t s  f o r  comparison. The p r i n c i p a l  o b j e c t i v e s  of t h i s  r e p o r t  
a r e  as fol lows:  (1) To p resen t  an  a c c u r a t e ,  complete s e t  of Apollo- 
Sa tu rn  V experimental  s t a t i c  aerodynamic f o r c e  d a t a  -- inc luding  the  
e f f e c t s  of major protuberances -- which w i l l  complement previous expe r i -  
mental  data  obtained p r i m a r i l y  on sma l l e r  s c a l e  models wi thout  pro tuber -  
ances ;  (2)  t o  p o i n t  o u t  problems encountered dur ing  each t e s t  which may 
be r e f l e c t e d  i n  the  d a t a  and misunderstood by those  not  f a m i l i a r  w i t h  
t e s t  d e t a i l s ;  ( 3 )  t o  compare d a t a  obtained a t  va r ious  f a c i l i t i e s  w i t h  
d i f f e r e n t  s c a l e  models o r ,  i n  two c a s e s ,  w i t h  t h e  same s c a l e  model; 
and ( 4 )  t o  show the  e f f e c t  of Reynolds number v a r i a t i o n  on t h e  aerodynamic 
c h a r a c t e r  i s  t i c s  i n  the  t r a n s o n i c  Mach number range.  
Because ques t ions  have a r i s e n  concerning the  magnitude of t he  
accuracy band r equ i r ed  f o r  t h e  aerodynamic des ign  curves (which were 
der ived  from these  and o t h e r  experimental  d a t a ) ,  a secondary o b j e c t i v e  
of t h i s  r e p o r t  i s  t o  compare the  des ign  curves and c u r r e n t  accuracy 
bands wi th  t h e  s e v e r a l  r e p r e s e n t a t i v e  s e t s  of d a t a  p resented  i n  t h i s  
r e p o r t  and thereby t o  i n d i c a t e  t h e i r  v a l i d i t y  i n  regard  t o  experimental  
data  v a r i a t i o n s  . 
11. TESTS 
L 
A . ,  Model Desc r ip t ions  
A sting-mounted 0.3366 pe rcen t  s c a l e  model w i th  a l l  major protuber-  
ances was t e s t e d  i n  t h e  MSFC 14-inch wind tunnel  and the  AEDC/VKF 12-inch 
tunnel  "E" . Two s e p a r a t e  a f t  bodies  were a v a i l a b l e  s o  t h a t  d a t a  could 
be obta ined  w i t h  and wi thout  f i n s  and shrouds.  The model w a s  a l s o  
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segmented and had e x t r a  noses s o  t h a t  t he  LES a b o r t  and CM a b o r t  con- 
f i g u r a t i o n s  could be tes ted  i f  d e s i r e d .  The model was mounted on a 
removable s l e e v e  which w a s  a t t a c h e d  t o  the  s t ing-ba lance  combination. 
D i f f e r e n t  s l e e v e s  were provided f o r  t e s t i n g  a t  MSFC and AEDC Tunnel "E" 
because t h e  s l e e v e  f o r  t h e  l a t t e r  t e s t  had t o  a d a p t  t o  a n  AEDC water 
j a c k e t .  A model i n s t a l l a t i o n  photograph i s  shown as Figure  4 .  
A sting-mounted 0 .9  percent  s c a l e  model w i t h  a l l  major protuberances 
was  tes ted i n  t h e  GAL 8 - f o o t ,  AEDC "A" 40-inchY and t h e  LTV & f o o t  wind 
tunne l s .  A l l  protuberances,  f i n s ,  and shrouds were removable. The body 
w a s  segmented so  t h a t  v a r i o u s  c o n f i g u r a t i o n s ,  inc luding  the  S - I C  a l o n e ,  
SM a b o r t ,  CM a b o r t ,  and LES a b o r t  could be t e s t e d  i f  d e s i r e d .  S - I C  
engine b e l l s  were a l s o  a v a i l a b l e  i f  needed. A model i n s t a l l a t i o n  
photograph i s  presented as F igure  3. 
A sting-mounted 4 . 0  percent  scale  model w i t h  a l l  major protuberances 
w a s  t e s t e d  i n  t h e  AEDC/PWT 16T tunne l .  A l l  protuberances,  f i n s ,  and 
shrouds were removable. The model w a s  a combination f o r c e  and pressure  
model, The t a i l b a r r e l ,  f i n s ,  and shrouds were instrumented w i t h  720 pres-  
s u r e  o r i f i c e s .  The model c a v i t y  and base were instrumented w i t h  38 pres-  
s u r e  o r i f i c e s  [18]. A model i n s t a l l a t i o n  photograph i s  presented i n  
F igure  5. 
B. Tes t  F a c i l i t i e s  
1. Cornel1 Aeronaut ical  Laboratory (CAL) 8-Foot Transonic 
Wind Tunnel 
This f a c i l i t y  w a s  s e l e c t e d  f o r  t he  p r i n c i p a l  t r a n s o n i c  t e s t  
because a s t a t i s t i c a l  a n a l y s i s  of data on s imi l a r  models from s e v e r a l  
f a c i l i t i e s  showed t h a t  the  d a t a  from the  CAL Tunnel had the  s m a l l e s t  
accuracy band. This f a c i l i t y  i s  a continuous flow, c l o s e d - c i r c u i t  
tunnel .  The t e s t  s e c t i o n ,  a removable c a r t ,  has a per fora ted  t h r o a t ,  
w a l l s  cons t ruc ted  of p e r f o r a t e d  p l a t e ,  and a n  a u x i l i a r y  pumping system 
f o r  plenum pumping. An opera t ing  range from one-s ix th  t o  two and one- 
h a l f  atmospheres i n  t o t a l  p r e s s u r e  provides  a wide range of t e s t  Mach 
numbers and Reynolds numbers. During model changes, two g a t e  va lves  
i s o l a t e  t he  t e s t  s e c t i o n  from t h e  tunne l  proper ,  making it necessary  
t o  b r i n g  only t h e  t e s t  sphere  t o  a tmospheric  cond i t ions .  The angle-  
o f - a t t a c k  s e c t o r  ope ra t e s  i n  t h e  pi tch-pause mode. A most a c c u r a t e  
method was  used f o r  determining the  model a n g l e  of a t t a c k  by i n s t a l l i n g  
e l e c t r o l y t i c  bubbles i n s i d e  t h e  model, thereby e l i m i n a t i n g  t h e  n e c e s s i t y  
t o  c o r r e c t  f o r  s t ing-ba lance  d e f l e c t i o n s  and s t i n g - j o i n t  h y s t e r e s i s .  
Accuracies of 20.02 degrees are p o s s i b l e  w i t h  t h i s  system. Other 
methods of determining a are a v a i l a b l e  i f  needed. A remote r o l l  
mechanism i s  a l s o  a v a i l a b l e .  
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AEDC/VKF 40-Inch Supersonic  Tunnel "A" 2. 
tunne 1 w 
from 1.5 
of 0.50. 
This f a c i l i t y  i s  a cont inuous,  c l o s e d - c i r c u i t ,  v a r i a b l e  d e n s i t y  
t h  Mach number range from 1 . 5  t o  6.0.  Mach number can be  v a r i e d  
t o  4.0 i n  increments of 0.25 and from 4.0 t o  6 . 0  i n  increments 
The nozz le  c o n t r o l  system al lows s e t t i n g  i n t e r p o l a t e d  contours  
f o r  i n t e rmed ia t e  Mach numbers. Models a r e  g e n e r a l l y  mounted on a s e c t o r  
which r o t a t e s  i n  the  h o r i z o n t a l  p lane ,  p rovid ing  angular  displacements  
from -5 t o  +15 degrees  wi th  a s t r a i g h t  s t i n g .  Maximum tunnel  s t a g n a t i o n  
p res su res  from 29 t o  200 p s i a  a r e  a v a i l a b l e  a t  Mach numbers 1.5 and 6.0,  
r e s p e c t i v e l y .  Minimum ope ra t ing  p res su res  a r e  l e s s  than  one- ten th  of 
maximum. Below Mach 5, the  tunnel  i s  normally opera ted  w i t h  a s t a g n a t i o n  
temperature  of 100°F. This temperature  can be r a i s e d  t o  a maximum of 
300°F. The a b s o l u t e  humidi ty  of t h e  tunnel  can be  maintained below 
0.0001 pounds of water  per  pound of a i r  by l a r g e  c a p a c i t y  s i l i c a  g e l  
d r i e r s  [3,  61. 
3.  LTV &Foot High Speed Wind Tunnel 
This f a c i l i t y  i s  an  atmospheric  exhaus t ,  blowdown wind tunnel  
w i t h  a Mach number range from 0.20 t o  4.0. The ang le -o f -a t t ack  s e c t o r  
can be opera ted  over a range from -13 t o  +23 degrees  i n  e i t h e r  a con- 
t inuous p i t c h  mode o r  a p i tch-pause  mode. The tunnel  c i r c u i t  uses bo th  
supe r son ic  and t r a n s o n i c  t e s t  s e c t i o n s .  For supe r son ic  o p e r a t i o n s ,  a 
s i n g l e  peak v a r i a b l e  d i f f u s e r  i s  placed downstream of the  supe r son ic  
t e s t  s e c t i o n .  For t r a n s o n i c  o p e r a t i o n ,  the  v a r i a b l e  d i f f u s e r  is  removed 
from the  c i r c u i t  and rep laced  w i t h  a porous w a l l  (22.5 pe rcen t  p o r o s i t y ) ,  
t r a n s o n i c  t e s t  s e c t i o n .  The model i s  loca t ed  approximately 11 f e e t  
f a r t h e r  downstream f o r  t r a n s o n i c  t e s t i n g  than  f o r  supe r son ic  t e s t i n g .  
The t r a n s o n i c  plenum i s  pumped by e j e c t o r  a c t i o n  of t he  main tunnel  
a i r s t r e a m  a c t i n g  on c o n t r o l l a b l e  e j e c t o r  f l a p s  loca t ed  downstream of 
the  t e s t  s e c t i o n  [22] .  
4 .  MSFC 14-Inch T r i s o n i c  Wind Tunnel 
This f a c i l i t y  i s  an  i n t e r m i t t e n t ,  t r i s o n i c ,  blowdown tunnel  
opera ted  from p r e s s u r e  s t o r a g e  t o  vacuum o r  a tmospheric  exhaus t .  There 
a r e  two in t e rchangeab le  t e s t  s e c t i o n s .  The t r a n s o n i c  s e c t i o n  permits  
t e s t i n g  a t  Mach numbers from 0.20 through 2.50, and the  supe r son ic  sec -  
t i o n  penn i t s  t e s t i n g  a t  Mach numbers from 2.74 through 5 . 8 4 .  A hydrau- 
l i c a l l y  c o n t r o l l e d  v e r t i c a l  p i t c h  s e c t o r  downstream of the  t e s t  s e c t i o n  
provides  a t o t a l  ang le -o f -a t t ack  range of + l o  degrees  w i t h  a s t r a i g h t  
s t i n g .  A i r  temperature  can be c o n t r o l l e d  from ambient t o  approximately 
180°F 1151. 
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5. AEDC/VKF 12-Inch Hypersonic Tunnel E 
This f a c i l i t y  i s  a n  i n t e r m i t t e n t ,  blowdown (exhaust t o  vacuum) 
wind tunnel  w i t h  a Mach number range from 5 t o  8. Models are u s u a l l y  
supported from the  r e a r  by s t i n g s  a t t a c h e d  t o  a v e r t i c a l  s e c t o r .  The 
angle-of -a t tack  s e c t o r  can be v a r i e d  over  a range of 413 degrees .  An 
automatic  angle-of - a t t a c k  programming c o n t r o l  s y s  t e m  i s  provided. Within 
a co re  7.5 inches i n  diameter  and 20 inches long, t h e  flow d i s t r i b u t i o n  
i s  uniform w i t h i n  about  41 percent  i n  Mach number a t  each of t he  f o u r  
nominal Mach numbers [5, 6 ,  7 and 81. On the c e n t e r l i n e  over t he  same 
20-inch l e n g t h ,  t he  flow d i s t r i b u t i o n  is uniform w i t h i n  4 0 . 2  t o  40.5 per-  
c e n t  depending on Mach number and p r e s s u r e  l e v e l s .  A i r  temperatures up 
t o  940°F, adequate  t o  prevent  mainstream l i q u e f a c t i o n ,  a r e  obtained from 
the e l e c t r i c  h e a t e r  which forms a p a r t  of t h e  tunnel  [3] .  
6. AEDC/PWT 16-Foot Transonic  Wind Tunnel 
This f a c i l i t y  i s  a continuous flow, c l o s e d - c i r c u i t  wind tunnel  
capable of o p e r a t i o n  a t  Mach numbers from .5 t o  1.6 and s t a g n a t i o n  p res -  
s u r e s  from aeproximately 100 t o  4000 p s f .  S tagnat ion  temperatures are 
a u t o m a t i c a l l y  c o n t r o l l e d  w i t h i n  41°F of t h e  s e t  temperature through t h e  
normal range from 90" t o  120°F. The angle-of -a t tack  s e c t o r  o p e r a t e s  i n  
a pitch-pause mode. The removable t e s t  s e c t i o n  i s  40 f e e t  long and 
16 f e e t  square  w i t h  6 p e r c e n t  p o r o s i t y  w a l l s .  
f o r  removing a i r  through t h e  t e s t  s e c t i o n  w a l l  t o  prevent  choking i n  the  
t r a n s o n i c  range [ 91. 
Plenum s u c t i o n  i s  used 
C .  T e s t  Conditions and Procedures 
1. General 
Nominal t e s t  condi t ions  a t  each f a c i l i t y  are presented i n  
R ~ D v e r s u s  M are presented i n  Figure 6 and compared t o  a t y p i c a l  Table 1. 
Apollo-Saturn V f u l l  scale  t r a j e c t o r y  curve.  
were measured w i t h  a six-component, i n t e r n a l  s t r a i n  gage ba lance  a t  each 
f a c i l i t y .  Data a t  each f a c i l i t y  were c o r r e c t e d ,  where necessary ,  f o r  
model weight tare and f o r  s t i n g - b a l a n c e - s t r u t  d e f l e c t i o n s .  R o l l  a n g l e  
v a r i a t i o n s  were made by holding the  ba lance  s t a t i o n a r y  and r o l l i n g  the  
model r e l a t i v e  t o  t h e  ba lance  f o r  each d i f f e r e n t  r o l l  a n g l e .  A l l  data 
a r e  presented i n  t h i s  non-ro l l ing  body axis system, and a r e  re ferenced  
t o  the  S-IC gimbal s t a t i o n  which w a s  approximated t o  be 10 inches ( f u l l  
scale) a f t  of t he  base of t h e  v e h i c l e .  
Model aerodynamic f o r c e s  
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2. CAL 8-Foot TWT 
Configurat ions 1, 2 ,  3 and 4 were t e s t e d  a t  @ = 0" and +45". 
Configurat ions 1 and 4 were t e s t e d  a t  @ = +90" a l s o .  The model was  
pi tched i n  the  v e r t i c a l  p l ane ,  and the  a s e c t o r  w a s  operated i n  a p i t c h -  
pause mode. Model a w a s  determined w i t h  a n  e l e c t r o l y t i c  potent iometer  
bubble pack loca ted  i n s i d e  t h e  model s o  that no c o r r e c t i o n s  f o r  s t i n g -  
b a l a n c e - s t r u t  d e f l e c t i o n s  o r  f o r  s t i n g -  j o i n t  h y s t e r e s i s  were necessary.  
Four b a s e  pressures  measured j u s t  a f t  of t he  ba l ance ,  i n  the  model c a v i t y ,  
were used t o  determine CAb. 
l a y e r  t o t a l  p r e s s u r e  rakes  loca t ed  i n  the  f in-shroud reg ion  t o  determine 
the  boundary l a y e r  p r o f i l e  i n  t h a t  area;  and s c h l i e r e n  photographs were 
a l s o  made of the a f t  p o r t i o n  of the model a t  a = 0 and +10 degrees  f o r  
most Mach numbers. These d a t a  may be found i n  r e f e r e n c e  1 7 .  
Seve ra l  runs were made w i t h  two boundary 
3. AEDC 40-Inch Tunnel A 
Configurat ions 1 and 4 were t e s t e d  a t  # =  0 degrees .  The model 
w a s  p i tched  i n  t h e  h o r i z o n t a l  p l ane ,  and the  a s e c t o r  w a s  operated i n  
t h e  pi tch-pause mode. Base p r e s s u r e  measurements made i n  the  model 
c a v i t y  were used t o  compute CAb. 
be s imulated a t  a l l  Mach numbers, b u t  boundary l a y e r  t r i p s  were placed 
on the  nose of t h e  LES t o  prevent  p o s s i b l e  laminar s e p a r a t i o n  on the  LES 
a t  t h e  h igher  Mach numbers. The model flow f i e l d  was  observed w i t h  a 
s c h l i e r e n  sys  tem, and photographs were taken a t  s e v e r a l  Mach numbers. A s  
expected b e f o r e  t h e  t e s t ,  a r e f l e c t e d  shock impinged on a small s e c t i o n  
of t h e  t a i l b a r r e l  a t  Mach number 1.53. However, t he  data were only  
s l i g h t l y  a f f e c t e d  ( see  s e c t i o n  111). More information on t h i s  and o t h e r  
a s p e c t s  of th i s  t e s t  may be found i n  r e f e r e n c e  11. 
T r a j e c t o r y  Reynolds numbers could no t  
4 .  LTV 4-FOot HSWT 
Configurat ion 1 w a s  t e s t e d  a t  $ = 0,  +45 and +90 degrees;  and 
conf igura t ions  5 and 6 were t e s t e d  only  a t  @ = 0 degrees .  The model was 
p i tched  i n  the  v e r t i c a l  p lane ,  and t h e  a s e c t o r  was operated i n  the  con- 
t inuous p i t c h  mode. The p i t c h  r a t e  was  approximately 1.75 degrees  p e r  
second, and d a t a  were sampled a t  5 s a m p l e s  p e r  second. The l a r g e  c e n t e r  
of p r e s s u r e  s h i f t  and reduced load range caused by removing the f i n s  and 
shrouds from the model produced some unfavorable  model dynamic and load 
r e s o l u t i o n  problems f o r  conf igura t ions  4 and 5 ,  which r e s u l t e d  i n  
increased d a t a  s c a t t e r  near  a = 0 degrees .  The ba lance  was  moved 5.5 
inches forward i n  the  model f o r  most of c o n f i g u r a t i o n  5 runs and t h i s  
seemed t o  a l l e v i a t e  t he  problem somewhat. Two base  p r e s s u r e s  were meas- 
ured i n  the  model c a v i t y  and used t o  compute CAb. Two o t h e r  p r e s s u r e  
measurements were made on the  s t i n g  a t  the  base  of t he  model, b u t  were 
used f o r  monitor ing purposes only.  F u r t h e r  information on t h i s  t e s t  can 
be found i n  r e f e r e n c e  23. 
7 
5.  MSFC 14-Inch TWT 
Configurat ions 1 and 4 were t e s t e d  a t  @ = 0, +45 and 90 degrees .  
The model was p i tched  i n  the  ve r t i ca l  p lane  and the  a s e c t o r  was operated 
i n  the pi tch-pause mode. CAb w a s  computed from base  p re s su res  measured 
on the  s t i n g  a t  the  base  of t he  model. 
A t  Mach numbers from 3 t o  5,boundary l a y e r  t r i p s  are normally 
used ,  i n  t h i s  f a c i l i t y ,  on t h e  nose of t h e  LES t o  induce boundary l a y e r  
t r ans  i t i o n  and thereby prevent  laminar f low s e p a r a t i o n .  Experience has 
shown that t h i s  technique is  r equ i r ed  t o  s imula t e  expected condi t ions  
f o r  the  f u l l - s c a l e  v e h i c l e  s i n c e  tunnel  l i m i t a t i o n s  make i t  impossible  
t o  s i m u l a t e  Sa tu rn  V t r a j e c t o r y  Reynolds numbers. However, dur ing  t h i s  
t e s t  t he  t r i p s  were i n a d v e r t e n t l y  omit ted.  Resu l t ing  e f f e c t s  a r e  d i s -  
cussed i n  s e c t i o n  111. 
Data obta ined  on some s p e c i a l  conf igu ra t ions  t o  a i d  i n  a n a l y s i s  
of protuberance e f f e c t s  may be found i n  r e f e r e n c e  16.  
6. AEDC 12-Inch Tunnel E 
Configurat ions 1 and 4 were t e s t e d  a t  @ = 0 degrees .  Configura- 
t i o n  1 was  t e s t e d  a l s o  a t  ,@ = 0,  4 5  and +90 degrees .  
p i tched  i n  t h e  v e r t i c a l  p lane  and the  a s e c t o r  w a s  opera ted  i n  the  p i t c h -  
pause mode. T r a j e c t o r y  Reynolds numbers were s imula ted  a t  a i l  Mach 
numbers except  Mach 5, where the  model w a s  run w i t h  boundary l a y e r  t r i p s  
on the  nose of t h e  LES t o  prevent  p o s s i b l e  laminar s e p a r a t i o n  on the  LES. 
CAb was  determined from base  p re s su res  measured on the  s t i n g  j u s t  i n s i d e  
the  base  of t he  model. The ba lance  was cooled w i t h  a water j a c k e t  which 
extended over the  l eng th  of t he  ba lance ,  and t h e  forward end of the  s t i n g  
w a s  water-cooled i n t e r n a l l y .  Balance temperatures  were monitored dur ing  
the  t e s t .  Some d i f f i c u l t y  w a s  experienced i n  s h i e l d i n g  the  water  l i n e s  
from flow impingement when t h e  f i n s  and shrouds were removed. 
e f f e c t s  a r e  descr ibed  i n  s e c t i o n  111. Other d e t a i l s  of t h i s  t e s t  may 
be found i n  r e f e r e n c e  11. 
The model was 
These 
7 .  AEDC 16-Foot Transonic  Wind Tunnel 
Conf igura t ion  1 w a s  t e s t e d  a t  @ = 45 degrees .  
p i tched  i n  t h e  v e r t i c a l  p lane ,  and the  a s e c t o r  w a s  opera ted  i n  the  
pi tch-pause mode. The ang le  of a t t a c k  w a s  measured w i t h  an a lpha  meter 
loca ted  i n s i d e  the  model so t h a t  no c o r r e c t i o n s  f o r  s t i n g - b a l a n c e - s t r u t  
d e f l e c t i o n  were necessary .  Reynolds number v a r i a t i o n s  (see Table 1) 
were made by vary ing  P t .  T h i r t y - e i g h t  base  p re s su re  measurements i n  
the  model c a v i t y  and on the  base  of the  model were used t o  compute CAb. 
The model was 
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Although n o t  inclhded i n  t h i s  r e p o r t ,  720 p res su re  measurements 
were made on the  t a i l b a r r e l ,  f i n s ,  and shrouds a t  a l l  of the  ev'en angles  
of a t t a c k .  Those d a t a ,  a long wi th  more d e t a i l e d  information OR t h i s  
t e s t ,  can be found i n  r e f e r e n c e s  14, 1 9 ,  and 20. 
111. RESULT OF, TESTS 
A. V a r i a t i o n  of Normal Force C o e f f i c i e n t  w i t h  
Angle of Attack and w i t h  P i t c h i n p  Moment C o e f f i c i e n t  
1. General 
Figures 7 through 21 p r e s e n t s  t he  CN vs  a and Cmg vs CN curves 
f o r  each c o n f i g u r a t i o n  t e s t e d .  The fol lowing comments can g e n e r a l l y  be 
a p p l i e d  t o  a l l  conf igu ra t ions  t e s t e d  except  as s t a t e d .  
2. CN ve r sus  a 
These curves show t h a t  CN increases  smoothly w i t h  increas ing  a. 
Because of tunnel  f low a n g u l a r i t y ,  f in-shroud misalignment,  and protuber-  
ance asymmetry, the  curves do not  u s u a l l y  pass  through zero.  Data a r e  
g e n e r a l l y  l i n e a r  over ? 2 t o  4 degrees .  However, a t  Mach numbers 7.12 
and 7 . 8 1 ,  the  l i n e a r  r e g i o n  dec reases  t o  approximately +1/2 degree.  
This e f f e c t  r e s u l t s  from a forward movement of t he  laminar s e p a r a t i o n  
p o i n t  on the  LES, and i s  d i scussed  i n  some d e t a i l  i n  r e f e r e n c e  3. 
A t  angles  from approximately 3 t o  1 2  degrees ,  CN v a r i e s  non- 
l i n e a r l y  w i t h  a f o r  a l l  c o n f i g u r a t i o n s .  For conf igura t ions  w i t h  f i n s  
and shrouds,  and t o  a l e s s e r  e x t e n t ,  those w i t h  shrouds,  b u t  w i thou t  
f i n s ,  a n  "underl inear"  t rend  i s  seen  a t  3 s a 5 1 2  degrees from Mach 
numbers 0.8 through 1 . 2  This t rend  is  a t t r i b u t e d  t o  a r e d u c t i o n  i n  f i n -  
shroud l i f t  e f f i c i e n c y  w i t h  i n c r e a s i n g  angle  of a t t a c k  which i s  g r a d u a l l y  
o f f s e t  by increased  normal f o r c e  from the  S- IC  system tunnels  and v i scous  
c ross  fo rces .  The e f f e c t  i s  seen  i n  t o t a l  v e h i c l e  aerodynamics by causing 
the  t o t a l  v e h i c l e  normal f o r c e  c o e f f i c i e n t  t o  be unde r l inea r  and by mov- 
ing the  c e n t e r  of p r e s s u r e  forward as the  angle  of a t t a c k  is  increased 
[18]. The p r e s s u r e  d a t a  d i scussed  i n  r e f e r e n c e s  14, 1 9 ,  and 20 provides 
more d e t a i l e d  information on the  causes of t h i s  t rend .  
A t  a n g l e s  of a t t a c k  g r e a t e r  than 10  t o  12 degrees ,  the  viscous 
c ros s  f o r c e s  become more s i g n i f i c a n t  and the  g r a d i e n t s  i n c r e a s e  notab ly .  
Gradients  over t h i s  a range tend t o  va ry  l e s s  w i t h  Mach number than do 
the  g r a d i e n t s  nea r  zero  degrees a. It may be noted t h a t  the  g r a d i e n t s  
over  t h i s  r eg ion  do t e n d  t o  i n c r e a s e  ve ry  s l i g h t l y  up t o  Mach number 1 . 6  
and then t o  decrease s l i g h t l y  w i t h  i n c r e a s i n g  Mach number. 
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Notable problem a r e a s  inc lude  t h e  -1 and - 1 / 2  degree d a t a  po in t s  
i n  the  d a t a  from the  CAL f a c i l i t y ,  which, f o r  a l l  conf igu ra t ions  tes ted 
a t  CAL, d e v i a t e  from the  expected l i n e a r  t rend .  Since a l l  conf igu ra t ions  
were s i m i l a r l y  a f f e c t e d ,  inc luding  those wi thout  pro tuberances ,  wi thout  
f i n s ,  and wi thout  f i n s  and shrouds,  model asymmetry does no t  seem t o  be 
t h e  cause.  A p o s s i b l e  cause common t o  a l l  conf igu ra t ions  i s  t h e  bubble 
pack used t o  measure t h e  ang le  of a t t a c k .  Each ang le  i s  measured by a 
d i f f e r e n t  bubble u n i t  s o  that any mal func t ioning  u n i t  would be i n  e r r o r  
f o r  a l l  conf igu ra t ions ;  t h e r e f o r e ,  the  bubble pack i s  considered t o  be 
the  most l i k e l y  cause of e r r a t i c  d a t a  a t  t h e  ang le s  i n  ques t ion .  
Carefu l  examination of t h e  d a t a  from t h e  AEDC tunnel  a t  Mach 
number 1.53, presented  i n  Figure l l ( a ) ,  r e v e a l s  a s l i g h t  "hump" from 
a = 3 t o  5 degrees  which r e s u l t s  from the  r e f l e c t e d  shock mentioned i n  
s e c t i o n  11. Erratic d a t a  a t  Mach numbers 2.99 and 5.91 on Figure l l (a)  
and a t  Mach number 5.91 on Figure 1 2 ( a )  a r e  caused by d a t a  r e s o l u t i o n  
problems r e s u l t i n g  from very  low loads a t  these  Mach numbers. 
A s  expla ined  i n  s e c t i o n  11, d a t a  r e s o l u t i o n  problems near  ze ro  
degrees  a w e r e  a l s o  experienced a t  LTV, p a r t i c u l a r l y  f o r  t he  conf igura-  
t i o n s  wi thout  f i n s  and shrouds,  because of the  reduced loads and the  
l a r g e  s h i f t  i n  t h e  c e n t e r  of p re s su re .  Therefore ,  an  undes i r ab le  amount 
of s c a t t e r  was  p re sen t  i n  these  d a t a .  This was  a l s o  t r u e  t o  a l e s s e r  
e x t e n t  f o r  t h e  d a t a  o b t a h e d  q t  MSFC. 
3 .  Cmg versus  CN 
These curves a r e  l i n e a r  through zero  over a r eg ion  correspond- 
ing w i t h  approximately k4 degrees  angle  of a t t a c k .  Above t h i s  l i n e a r  
r eg ion ,  Cm inc reases  n o n l i n e a r l y  wi th  inc reas ing  CN. For conf igu ra t ions  
wi th  f i n s  and shrouds,  g r a d i e n t s  over the  r eg ion  corresponding w i t h  
4 I a 5 10 degrees  inc rease ,  compared w i t h  those  near  zero ,  from Mach 
number . 5  through 1 . 6 ,  remain almost  the  same a t  Mach 2.0, and decrease  
s l i g h t l y  from Mach 2.4 through 7.8.  For conf igu ra t ions  wi thout  f i n s  
and shrouds ,  g r a d i e n t s  over t he  same reg ion  dec rease ,  compared w i t h  
those near  ze ro ,  over the  e n t i r e  Mach range from 0.5 through 7.8.  This 
would be t h e  expected t r end ,  cons ider ing  the  body shape and f in-shroud 
e f f i c i e n c y  as a func t ion  of ang le  of a t t a c k .  
B. Var i a t ion  of S t a t i c  Longi tudinal  S t a b i l i t y  wi th  
Mach Number a t  Angles of At tack  near  Zero Degrees 
1. Conf igura t ion  1 
Figure  22 p resen t s  the  v a r i a t i o n  of C N ~  and C P / D  w i t h  M near  
The g r a d i e n t s  zero  degrees  a f o r  t he  Apollo-Saturn V launch v e h i c l e .  
were der ived  from the  p rev ious ly  presented  CN versus  a and Cm versus  CN g 
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curves f o r  a range corresponding w i t h  -2  5 a 5 +2 degrees .  P a r t s  ( a ) ,  
(b) , and (c) of t h i s  f i g u r e  p r e s e n t  s t a t i c  l o n g i t u d i n a l  s t a b i l i t y  
c h a r a c t e r i s t i c s  f o r  t he  v e h i c l e  a t  @ = 0, +45, and +90 degrees ,  
r e s p e c t i v e l y .  De ta i l ed  a n a l y s i s  of r o l l  angle  t rends  a r e  presented 
i n  r e f e r e n c e s  7 ,  10, and 13 and a r e  t h e r e f o r e  n o t  included here .  How- 
eve r ,  comments p e r t i n e n t  t o  these  p a r t i c u l a r  t e s t s  a r e  included i n  the  
fol lowing paragraphs.  
Figure 22(a) p r e s e n t s  data ,  from f i v e  d i f f e r e n t  f a c i l i t i e s ,  f o r  
t he  v e h i c l e  a t  zero  degrees @ over a Mach number range from 0.50 through 
7 .81 .  A s  explained i n  s e c t i o n  11, the  C P / D  d a t a  from MSFC a t  Mach 
numbers 4.00 and 4.96 d i s a g r e e  w i t h  the  o t h e r  data because of laminar 
flow s e p a r a t i o n .  Disregarding those d a t a ,  i t  can be seen  that where 
the  d a t a  overlaps t h e r e  i s  reasonably good agreement between data from 
the  va r ious  f a c i l i t i e s .  The g r e a t e s t  d i f f e r e n c e s  occur over the Mach 
number range from 0.7 through 1 . 2 .  The maximum v a r i a t i o n  over t h i s  
range (using the  CAL d a t a  as a b a s e l i n e  f o r  comparison because t e s t  
condi t ions  the re  were optimized f o r  a c c u r a t e  g r a d i e n t  de t e rmina t ion  
near  zero  degrees a) is -6.5 percen t  i n  C N ~  a t  Mach 1.1 and +.16 c a l i b e r  
i n  C P / D  a t  Mach 1 .2 .  
range i s  3.6 p e r c e n t  i n  C N ~  and +.035 c a l i b e r s  i n  CP/D.  The average 
v a r i a t i o n  of the  MSFC data is  -1.9 p e r c e n t  i n  C N ~  and +.055 c a l i b e r s  
i n  CP/D.  
The average v a r i a t i o n  of t he  L T V - d a t a  over t h i s  
Figure 22(b) p r e s e n t s  d a t a  f o r  the  v e h i c l e  a t  +45 degrees over 
a Mach number range from 0.50 through 4.0 .  Again using the  CAL d a t a  as 
a b a s e l i n e ,  t he  maximum v a r i a t i o n s  over t he  t r a n s o n i c  Mach number range 
from 0.7 through 1 . 2  are -7.46 percen t  i n  C N ~  a t  Mach number 1.1 and 
+.36 c a l i b e r  i n  C P / D  a t  Mach number 1 . 2 .  Then l i m i t i n g  the  range of 
comparison t o  Mach numbers from 0 .8  through 1.1 s o  t h a t  d a t a  po in ts  
from each f a c i l i t y  a r e  a v a i l a b l e  a t  each Mach number, we see  an average 
v a r i a t i o n  of the LTV data of -3.45 percen t  i n  CNa and +.068 c a l i b e r s  i n  
CP/D. 
and +.15 c a l i b e r s  i n  C P / D .  The average v a r i a t i o n  of the  AEDC 16T d a t a  
i s  -4.5 percen t  i n  C N ~  a t  +.15 c a l i b e r s  i n  C P / D .  
The average v a r i a t i o n  of the  MSFC d a t a  i s  -2 .44  percen t  i n  C N ~  
Figure 22(c) p r e s e n t s  data from the  v e h i c l e  a t  +90 degrees @ 
over a Mach number range from 0.50 through 4 . 0 .  
d a t a  over the Mach number range from 0.7 through 1 . 2  shows a maximum 
v a r i a t i o n  of -6.41 percen t  i n  C N ~  a t Mach 1 . 2  and +.21 c a l i b e r s  i n  
CP/D a t  Mach 1.1. Fur ther  comparison shows t h a t  the average v a r i a t i o n  
of the  LTV d a t a  over t h i s  range i s  -2 .34 percen t  i n  C N ~  and +.03 c a l i b e r s  
and +.167 c a l i b e r s  i n  CP/D.  
Comparison w i t h  the CAL 
i n  CP/D. The average v a r i a t i o n  of the  MSFC da ta  i s  -1.95 percent  i n  CN a 
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It is  no tab le  that the above average v a r i a t i o n s  are b iased  
instead of being random. The most probable  reason f o r  t h i s  phenomenon 
seems t o  be decreased CN r e s o l u t i o n  r e s u l t i n g  from use of t he  l e s s  
s e n s i t i v e  balances requi red  t o  o b t a i n  d a t a  over t h e  h igh  a ranges tes ted 
a t  MSFC and LTV. A check of ba lance  des ign  load ranges and s e n s i t i v i t i e s  
i n  the  t es t  d a t a  r e p o r t s  [ll, 16, 17  and 231 s u b s t a n t i a t e s  t h i s  conjec- 
t u r e .  However, that t h i s  i s  not  t he  e n t i r e  reason  i s  indicated by t h e  
C N ~  t rends  over t he  Mach number range from 1.0 through 1.3.  
are cons iderably  lower than the  CAL d a t a  over t h i s  Mach number range f o r  
a l l  t h r e e  r o l l  ang le s ;  b u t  the.MSFC d a t a  agree  c l o s e l y  w i t h  t h e  CAL d a t a  
a t  @ = 0 degrees ,  no t  q u i t e  so  w e l l  a t  @ = 90 degrees ,  and, a t  @ = +45 
degrees ,  they ag ree  more c l o s e l y  w i t h  the  LTV and AEDC 16T d a t a .  Since 
the  t rend a t  MSFC is  somewhat ro l l -dependent ,  i t  may i n d i c a t e  that the  
d i f f e r e n c e  i s  r e l a t e d  t o  protuberance e f f e c t s ;  o r  s i n c e  the  blockage a t  
MSFC, LTV, and AEDC 16T w a s  h igher  than a t  CAL, we might suspec t  tunnel  
i n t e r f e r e n c e  e f f e c t s .  I n  any event ,  t h e  e x i s t i n g  d a t a  have no t  y e t  
y ie lded  a conclusive explana t ion .  It is  a l s o  no tab le  that the  MSFC 
smal l - sca le  model d a t a  g e n e r a l l y  compare as we l l  w i t h  the  CAL d a t a  as 
do the  d a t a  of t he  l a r g e r  s c a l e  models. 
b e t t e r  and the  CP/D not  q u i t e  so  w e l l ,  i n d i c a t i n g  t h a t  i n  gene ra l  t he  
of t he  MSFC d a t a  i s  a l i t t l e  h igher  over t h i s  Mach number range. 
The LTV d a t a  
The C N ~  d a t a  ag ree  a l i t t l e  
cmga 
The dashed l i n e  f a i r i n g  on f i g u r e  22(a)  i s  from the  Apollo- 
Sa turn  V aerodynamic des ign  c r i t e r i a  [18],  which was  der ived  from these  
and o t h e r  experimental  and a n a l y t i c a l  d a t a .  This curve is presented 
f o r  comparison purposes because i n t e r e s t  has  been expressed i n  the  magni- 
tude requi red  f o r  the  des ign  accuracy band, and experimental  inaccurac ies  
a r e  c e r t a i n l y  one f a c t o r  t o  be considered.  
c u r r e n t  des ign  accuracy band of 26  pe rcen t  f o r  CNa and + . 2  c a l i b e r  f o r  
CP/D is  omit ted.  However, examination of the  d a t a  w i l l  show that w i t h  
few except ions a l l  of t h e  d a t a  from the  var ious  t e s t s  would l i e  w i t h i n  
t h i s  band. 
ence 18 was  publ ished,  f a l l  o u t s i d e  the accuracy band only s l i g h t l y  a t  
Mach 6.08. 
To avoid c l u t t e r i n g ,  t he  
Even the  AEDC Tunnel E data,  which were obtained a f t e r  r e f e r -  
2, Conf igura t ion  2 
Figure 23 p resen t s  C N ~  and CP/D as a func t ion  of Mach number 
f o r  t he  Apollo-Saturn V launch v e h i c l e  wi thout  protuberances.  
presented f o r  @ = 0 and +45 degrees .  
CP/D l o c a t i o n  occur a t  Mach 0.9 f o r  bo th  r o l l  o r i e n t a t i o n s .  
@ =  +45 degrees  is an  average of 2.3 percent  h igher  over  t he  included 
Mach range from 0.5 through 1 . 3  than it  is a t  @ = 0 degrees .  CP/D i s  
p r a c t i c a l l y  the s a m e  a t  bo th  r o l l  angles .  
Data a r e  
Maximum C N ~  and the  most rearward 
C N ~  a t
1 2  
The i n c r e a s e  i n  C N ~  i s  a t t r i b u t e d  t o  increased  e f f i c i e n c y  of the  
f i n s  and shrouds which r e c e i v e  f u l l  upwash e f f e c t s  a t  g5 = 45 degrees  [18].  
The c l o s e  proximity of t he  f i n s  and shrouds t o  t h e  r e fe rence  c e n t e r  would 
e x p l a i n  t h e  l a c k  of a corresponding change i n  CP/D. 
3. Conf igura t ion  3 
F igure  24 p r e s e n t s  C N ~  and CP/D as a f u n c t i o n  of Mach number f o r  
t he  Apollo-Saturn V launch v e h i c l e  wi thout  f i n s  a t  $3 = 0 and +45 degrees .  
Again, the  maximum C N ~  and t h e  most rearward CP/D l o c a t i o n  occur a t  Mach 
number 0.9 f o r  bo th  r o l l  o r i e n t a t i o n s .  C N ~  a t g5 = +45 degrees  i s  an  
average of 3.8 pe rcen t  h igher  over t he  included Mach range from 0.5 
through 1.3 than  it i s  a t  @ = 0 degrees .  The f a c t  t h a t  t he  d i f f e r e n c e  
is  g r e a t e r  than i t  was  f o r  conf igu ra t ion  2 i s  a t t r i b u t e d  t o  increased  
upwash e f f e c t s  caused by the  a d d i t i o n  of protuberances.  Again, as would 
be expected,  on ly  s l i g h t  d i f f e r e n c e s  are noted i n  the  CP/D curves .  
4.  Conf igura t ion  4 
Figure 25 p r e s e n t s  CNaand CP/D as a f u n c t i o n  of Mach number 
f o r  t he  Apollo-Saturn V launch v e h i c l e  wi thout  f i n s  and shrouds a t  
@ = 0,  +45, and +90 degrees .  
Figure 25(a) p re sen t s  d a t a  f o r  c o n f i g u r a t i o n  4 a t  @ = 0 degrees .  
It should aga in  be noted t h a t  the  MSFC C P / D  d a t a  po in t s  a r e  i n v a l i d  
because of LES s e p a t a t i o n  ( see  s e c t i o n  11). Other problem a r e a s  i n  
these  d a t a  which r e q u i r e  comment can be c a t e g o r i c a l l y  descr ibed  as 
r e s u l t i n g  from d a t a  r e s o l u t i o n  problems, 
The load range of t he  ba lance  was s e l e c t e d  a t  each f a c i l i t y ,  
and the  l o c a t i o n  of the  ba lance  i n  each model w a s  determined t o  in su re  
optimum d a t a  r e s o l u t i o n  f o r  c o n f i g u r a t i o n  1. A comparison of f i g u r e  
25(a) w i t h  f i g u r e  22(a) shows t h a t  a cons ide rab le  r educ t ion  i n  C N ~  and 
a s i z e a b l e  forward s h i f t  i n  CP/D (see  f i g u r e  35 a l s o )  r e s u l t  when the  
f i n s  and shrouds a r e  removed from c o n f i g u r a t i o n  1. The magnitude of 
t h e  e f f e c t  t h i s  had on the  d a t a  r e s o l u t i o n  is  a f u n c t i o n  of t h e  t e s t  con- 
d i t i o n s  a t  each f a c i l i t y ,  p a r t i c u l a r l y  the  range of q and a. 
The d e v i a t i o n  of t h e  AEDC Tunnel "A" d a t a  p o i n t s  from t h e  f a i r e d  
curve a t  Mach 5.91 i s  a t t r i b u t e d  t o  t h e  load r educ t ion  caused by removing 
the  f i n s  a n d  shroud and t o  t h e  l a r g e  r e d u c t i o n  (78 pe rcen t )  between maxi- 
mum q condi t ions  a t  Mach 1.53 and t h e  minimum q cond i t ions  of Mach 5.91. 
The v a r i a t i o n  of t h e  LTV d a t a  from the  f a i r e d  curve ,  which is  based on 
t h e  CAL and AEDC Tunnel "A" d a t a ,  i s  a t t r i b u t e d  i n  p a r t  t o  t h e  s t i f f  
ba lance  that had t o  be used t o  measure the  h igh  normal f o r c e  loads 
accompanying t h e  a range which exceeded 20 degrees .  
load r e s o l u t i o n  nea r  ze ro  degrees  a s u b j e c t  t o  q u e s t i o n  even f o r  configura-  
t i o n  1,and p a r t i c u l a r l y  ques t ionab le  f o r  conf igu ra t ions  wi thout  f i n s  and 
This made a c c u r a t e  
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shrouds.  This problem could have been worsened somewhat by increased  
model dynamics r e s u l t i n g  from the  combination of a heavy model, and a 
CP/D cons iderably  forward of t he  ba lance .  
experienced a t  MSFC except  t h e  model was  no t  p r o p o r t i o n a t e l y  as heavy 
and the  a range was  s l i g h t l y  l e s s  (16 deg rees ) .  
The same problems were 
It is  r e a d i l y  apparent  t h a t  t he  agreement of d a t a  between 
f a c i l i t i e s  where t h e r e  i s  overlapping d a t a  is no t  so  good as f o r  con- 
f i g u r a t i o n  1. Again using t h e  CAL d a t a  as a base l i n e ,  comparison of 
data over t he  Mach number range from 0.7 through 1 . 2  shows maximum 
v a r i a t i o n s  of -9.81 pe rcen t  i n  C N ~  a t Mach 0.7 and +.41 c a l i b e r s  i n  
CP/D a t  Mach 0.7.  The average  v a r i a t i o n  of t h e  LTV d a t a  over t h i s  
Mach number range i s  -4.2 percen t  i n  CN and +.12 c a l i b e r s  i n  CP/D. 
The average v a r i a t i o n  of t he  MSFC d a t a  is -6.26 pe rcen t  i n  CN and 
+.28 c a l i b e r s  i n  CP/D. A s  i t  was  f o r  conf igu ra t ion  1 t h e  v a r i a t i o n  
is  b iased  r a t h e r  than random. 
a 
(?I 
Figures  25(b) and ( c )  p r e s e n t  conf igu ra t ion  4 a t  JJ = +45 and 
+90 degrees ,  r e s p e c t i v e l y .  S i g n i f i c a n t  s c a t t e r  and some r a t h e r  u n u s u a l  
t rends  a r e  a t t r i b u t e d  t o  the  d a t a  r e s o l u t i o n  problems. Because of t hese  
problems, a n a l y s i s  of r o l l  ang le  t r ends  and f u r t h e r  comparison of d a t a  
f o r  conf igu ra t ion  4 from t h e  va r ious  f a c i l i t i e s  a r e  n o t  considered 
worthwhile.  
5 .  Conf igura t ion  5 
Figure 26 p re sen t s  C N ~  and C P / D  as a f u n c t i o n  of Mach number 
f o r  the  Apollo-Saturn V launch v e h i c l e  wi thout  f i n s ,  shrouds,  and pro- 
tuberances.  Most of t h e  d a t a  f o r  t h i s  conf igu ra t ion  were obtained w i t h  
t h e  ba lance  moved 5.5 inches forward of t h e  p o s i t i o n  i t  occupied when 
d a t a  on conf igu ra t ion  4 were obta ined .  This brought t he  ba lance  gage 
cen te r  c l o s e r  t o  the  CP/D l o c a t i o n ,  and t h e  t o t a l  p re s su re  w a s  increased;  
t hus ,  d a t a  t r ends  are somewhat smoother than they were f o r  conf igu ra t ion  4. 
6. Conf igura t ion  6 
Figure 27 p re sen t s  CN and CP/D as a f u n c t i o n  of Mach number a 
f o r  the Apollo-Saturn V launch v e h i c l e  wi thout  t he  LES and CM. The 
dashed l i n e  f a i r i n g  i s  taken from re fe rence  8 ,  which is  the  c u r r e n t  
s t a t i c  aerodynamic des ign  c r i t e r i o n  f o r  t h e  abor ted  Apollo-Saturn V 
launch v e h i c l e ,  and which w a s  der ived  from these  and o t h e r  p r e s s u r e  
and f o r c e  d a t a .  The dashed l i n e  f a i r i n g  of r e f e r e n c e  8 is  presented  
i n  suppor t  of t h e  f a i r i n g  desc r ibed  here  s i n c e  only  a few d a t a  po in t s  
were obta ined  dur ing  these  t e s  ts . 
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C. Var i a t ion  of Axial. Force C o e f f i c i e n t  w i t h  Mach Number 
a t  Angles of A t t ack  near Zero Degrees 
General 
A t  a = 0" t h e r e  should be no s i g n i f i c a n t  v a r i a t i o n  of a x i a l  f o r c e  
w i t h  @ f o r  these  c o n f i g u r a t i o n s .  Therefore ,  d a t a  i n  t h i s  s e c t i o n  a r e  
presented only f o r  the  @ = 0 degree case except  f o r  the  AEDC 16T con- 
f i g u r a t i o n  1 which w a s  t e s t e d  only a t  @ = +45 degrees .  
1. Configurat ion 1 
The a x i a l  f o r c e  c o e f f i c i e n t  i s  shown i n  f i g u r e  28 as a f u n c t i o n  
of Mach number f o r  t he  Apollo-Saturn V launch v e h i c l e .  Except f o r  t he  
MSFC d a t a ,  the  agreement of d a t a  from the v a r i o u s  f a c i l i t i e s  i s  w i t h i n  
reasonable  l i m i t s .  The AEDC 16T d a t a  a r e  considered t o  be the  most 
a c c u r a t e  because of the  more a c c u r a t e  de t e rmina t ion  of CAb, as d i scussed  
i n  s e c t i o n  11. 
presented on t h i s  f i g u r e .  Data a t  a l l  t h ree  Reynolds numbers a r e  p r e -  
sen ted  i n  f i g u r e  38 f o r  CAf. 
Only the  nominal Reynolds number d a t a  from AEDC 1 6 T  are 
The g r e a t e s t  v a r i a t i o n  i n  CAf between f a c i l i t i e s  occurs from 
Mach 0.5 through 2.0.  Using the  CAL d a t a  as a base l i n e  f o r  comparison -- 
t o  be c o n s i s t e n t  w i t h  the  s t a b i l i t y  a n a l y s i s  -- we can s e e  t h a t ,  over the  
Mach number range from 0.8 through 1 . 2 ,  where t h e r e  a r e  overlapping d a t a ,  
t he  average v a r i a t i o n  of CAf i s  -4 .2  percen t  f o r  the  LTV d a t a ,  -3.8 per-  
c e n t  f o r  AEDC 16T d a t a ,  and -23.2 pe rcen t  f o r  the  MSFC d a t a .  
None of the average v a r i a t i o n s  a r e  considered t o  be excess ive  
excep t  t h a t  f o r  the  MSFC d a t a .  The f a c t  t h a t  t he  MSFC data a r e  con- 
s i d e r a b l y  lower than the  o t h e r  d a t a  i s  a t t r i b u t e d  t o  smal le r  protuberance 
e f f e c t s  -- p a r t i c u l a r l y  from the  base flow d e f l e c t o r s  -- than were obtained 
on the  l a r g e r  s c a l e  models. This conclusion i s  based on d a t a  from r e f e r -  
ences 4 and 1 7  which showed that removing the  base flow d e f l e c t o r s  from 
the small s c a l e  model t e s t e d  a t  MSFC had no e f f e c t  on CAf,  wh i l e  removing 
them from the model t e s t e d  a t  CAL caused a r educ t ion  i n  CAf varying from 
51  percen t  a t  Mach 0.5 t o  11 pe rcen t  a t  Mach 1.3.  
The dashed l i n e  f a i r i n g  on f i g u r e  28 i s  from the  s t a t i c  aero-  
dynamic design c r i t e r i a  [18].  
2. Configurat ions 2 and 3 
Figures  29 and 30 p r e s e n t  the  v a r i a t i o n  of  a x i a l  f o r c e  coef- 
f i c i e n t  w i t h  Mach number f o r  the  Apollo-Saturn V launch v e h i c l e  w i thou t  
protuberances and wi thou t  f i n s ,  r e s p e c t i v e l y .  
a t  CAL, a r e  be l i eved  t o  be v a l i d  i n  bo th  magnitude and t rend .  
These d a t a ,  obtained only 
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3.  Conf igura t ion  4 
Figure  31 presen t s  t h e  v a r i a t i o n  of a x i a l  f o r c e  c o e f f i c i e n t  w i t h  
Mach number f o r  t he  Apollo-Saturn V launch v e h i c l e  wi thout  f i n s ,  shrouds,  
and base flow d e f l e c t o r s .  
The agreement of the MSFC data w i t h  those  from the  o t h e r  f a c i l -  
i t i e s  is b e t t e r  than i t  was  f o r  c o n f i g u r a t i o n  1. This improvement i s  
a t t r i b u t e d  t o  t h e  absence of t he  base  flow d e f l e c t o r s .  
The AEDC Tunnel "E" d a t a  p o i n t  a t  Mach number 5.04 is erroneous 
because of f low impingement on t h e  balance-cool ing water l i n e s  which, 
a f t e r  t h e  f i n s  and shrouds were removed, were no t  ve ry  we l l  s h i e l d e d  
from t h e  a i r s t r e a m  [ll].  
The AEDC Tunnel "A" C A ~  and Qb data po in t s  a t  Mach 1.53 were 
a f f e c t e d  by t h e  shock r e f l e c t i o n  p rev ious ly  d iscussed  i n  s e c t i o n  11. 
Over t h e  Mach number range from . 7  through 1 . 2 ,  where t h e r e  a r e  
overlapping d a t a ,  t he  average v a r i a t i o n  of t h e  LTV data from the  CAL d a t a  
i s  -9.0 pe rcen t .  
4.  Conf igura t ion  5 
Figure 32 presen t s  t he  v a r i a t i o n  of a x i a l  f o r c e  c o e f f i c i e n t  w i t h  
Mach number f o r  t h e  Apollo-Saturn V launch v e h i c l e  wi thout  f i n s ,  shrouds,  
and protuberances.  These d a t a  were obta ined  a t  h igher  Reynolds numbers 
than  the  d a t a  f o r  conf igu ra t ion  4 .  The magnitude and t rends  of the  d a t a  
presented  a r e  be l i eved  t o  be v a l i d .  
5 .  Conf igura t ion  6 
Figure  33 presen t s  t he  v a r i a t i o n  of a x i a l  f o r c e  c o e f f i c i e n t  w i t h  
Mach number f o r  t h e  Apollo-Saturn V launch v e h i c l e  wi thout  t he  LES and CM. 
The dashed l i n e  f a i r i n g  f o r  CAT is from the  c u r r e n t  s t a t i c  aerodynamic 
d a t a  f o r  t h e  abor ted  Apollo-Saturn V launch v e h i c l e  [ 8 ] .  This f a i r i n g  
w a s  der ived  from these  and previous f o r c e  and p res su re  d a t a .  It i s  pre-  
s en ted  t o  suppor t  the  s o l i d - l i n e  f a i r i n g  s i.nce the  r e l a t i v e l y  few d a t a  
po in t s  ob ta ined  dur ing  t h i s  t e s t  r equ i r ed  a good dea l  of j ud ic ious  
i n t e r p o l a t i o n  t o  a r r i v e  a t  the  presented  curve.  
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D. V a r i a t i o n  of S t a t i c  Longi tudinal  S t a b i l i t y  w i t h  Mach Number 
a t  Angles of A t t ack  from +2 t o  +20 Degrees 
1. CN ve r sus  M 
Figure 34(a)  p r e s e n t s  CN as a f u n c t i o n  of Mach number f o r  
2 S a I 20 degrees .  
a n g l e s  of a t t a c k .  The t r a n s o n i c  peak is  p r i m a r i l y  a f u n c t i o n  of f i n ,  
shroud, and protuberance i n f l u e n c e  as i n d i c a t e d  by f i g u r e  36 .  A t  
angles  of a t t a c k  g r e a t e r  than  10  degrees ,  body l i f t  becomes s i g n i f i c a n t  
and produces a peak which i n c r e a s e s  i n  magnitude w i t h  i n c r e a s i n g  a. The 
l o c a t i o n  of t h i s  peak v a r i e s  w i t h  a between Mach number 2.5 and 3.5 .  
The CN v a r i a t i o n  wiLh Mach number is  small a t  low 
Evidence is p resen ted  i n  r e f e r e n c e  25 t h a t  the d i p  s e e n  a t  
Mach 1.10 is  caused by l o c a l  shocks i n  the  t a i l b a r r e l  reg ion .  Shadow- 
graphs obtained du r ing  the  t e s t  r epor t ed  i n  r e f e r e n c e  1 2  v e r i f y  the  f a c t  
t h a t  l o c a l  shocks i n  the  t a i l b a r r e l  r e g i o n  a r e  much s t r o n g e r  a t  Mach 1.10.  
The dashed l i n e s  i n d i c a t e  the  +6 percen t  e r r o r  band f o r  the  
s t a t i c  aerodynamic des ign  curves p re sen ted  i n  r e f e r e n c e  18. The curves 
themselves a r e  n o t  p re sen ted  because t h e i r  c l o s e  proximity t o  the  f a i r -  
ing of t h e s e  data would c r e a t e  confusion. With few except ions ,  a l l  d a t a  
presented from the  d i f f e r e n t  f a c i l i t i e s  l i e  w i t h i n  t h i s  e r r o r  band even 
though, i n  some i n s t a n c e s ,  t he  f a i r i n g  is  obviously conserva t ive .  A 
n o t a b l e  excep t ion  i s  the  f a i r i n g  a t  a = 8 degrees  which should obviously 
be lower above Mach 2.75. 
The average v a r i a t i o n  from the  a r i t h m e t i c  mean of the  d a t a  from 
CAL, LTV, and MSFC over the  Mach number regime from . 7  t o  1 . 2  ranges 
from 5 pe rcen t  a t  a = 2 degrees  t o  2 percen t  a t  a = 10 degrees .  From 
10 t o  16 degrees ,  t he  MSFC and LTV d a t a  g e n e r a l l y  agree  w i t h i n  41 pe rcen t  
of t h e i r  a r i t h m e t i c  mean. V a r i a t i o n s  would be only s l i g h t l y  g r e a t e r  i f  
the  CAL d a t a  were used as a base l i n e  as done f o r  the  g r a d i e n t s  near  zero.  
2, CP/D versus  M 
Figure 34(b) p r e s e n t s  CP/D as a f u n c t i o n  of Mach number f o r  
2 5 a S 20 degrees .  A s  b e f o r e ,  t he  dashed l i n e  r e p r e s e n t s  the  accuracy 
band (k.2 c a l i b e r s )  of the  des ign  curves p re sen ted  i n  r e f e r e n c e  18. As  
can be seen ,  most of t he  d a t a  l i e  w i t h i n  t h i s  band. 
The agreement of t he  CAL, LTV, and MSFC d a t a  over the  Mach range 
The v a r i a t i o n  fram the  a r i t h m e t i c  from .7 t o  1 .2  i s  g e n e r a l l y  v e r y  good. 
mean is l e s s  than .1 c a l i b e r s  a t  a l l  a n g l e s  w i t h  t he  excep t ion  of a few 
p o i n t s  a t  Mach numbers 1.1 and 1.2. A s  was  t r u e  near  zero  degrees ,  the  
CP/D d a t a  from MSFC are always g r e a t e r  (more forward) than  the  CP/D d a t a  
from the  o t h e r  f a c i l i t i e s  over the  t r a n s o n i c  Mach number range.  
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E. E f f e c t s  of F ins ,  Shrouds,  and lo r  Protuberances on the  
V a r i a t i o n  of S t a t i c  Longi tudina l  S t a b i l i t y  w i t h  Mach 
Number a t  Angles of At tack  near  Zero Degrees 
Figure 35 p resen t s  t he  e f f e c t s  of f i n s ,  engine shrouds ,  and pro- 
The symbols on t h i s  
tuberances on t h e  s t a t i c  l o n g i t u d i n a l  s t a b i l i t y  c h a r a c t e r i s  t i c s  of t he  
Apollo-Saturn V launch v e h i c l e  a t  @ = 0 degrees .  
f i g u r e  do n o t  r e p r e s e n t  d i s c r e t e  experimental  d a t a  p o i n t s ,  bu t  they  
r a t h e r  r e p r e s e n t  a d i f f e r e n c e  i n  t h e  f a i r e d  d a t a  of t h e  va r ious  con- 
f i g u r a t i o n s  ind ica t ed  on t h e  legend. 
These components have a s i g n i f i c a n t  e f f e c t  on the  t o t a l  launch 
v e h i c l e  throughout t he  Mach number range from 0.5 through 7.8,  b u t  are 
t h e  most e f f e c t i v e  i n  t h e  t r a n s o n i c  range where the  combined e f f e c t s  of 
removing the f i n s ,  shrouds,  and protuberances from the  t o t a l  v e h i c l e  
( conf igu ra t ion  1) cause a maximum forward s h i f t  i n  CP/D of 3 .3  c a l i b e r s  
a t  Mach 1.1 and a maximum dec rease  i n  CN of -57 pe rcen t  a t  Mach 0.7.  a 
The f in-shroud curve a l s o  inc ludes  base  f low d e f l e c t o r s ,  bu t  accord-  
ing t o  r e f e r e n c e  5 ,  t hese  have no e f f e c t  on the  s t a t i c  l o n g i t u d i n a l  
s t a b i l i t y .  
F. E f f e c t s  of Reynolds Number on the  S t a t i c  Longi tudina l  S t a b i l i t y  
V a r i a t i o n  wi th  Mach Number of Angles of At tack  Near Zero Degrees 
Figure 36 p resen t s  the  v a r i a t i o n  of Cna and CP/D w i t h  M near  zero  
degrees a f o r  the Apollo-Saturn V a t  @ = +45 degrees .  These g r a d i e n t s  
were der ived  from the  p rev ious ly  presented  b a s i c  d a t a  f o r  an angle-of -  
a t t a c k  range of C2 degrees .  Although only d a t a  from t h e  AEDC 1 6 T  t e s t  
a r e  p re sen ted ,  t he  r e s u l t s  of Reynolds number v a r i a t i o n s  a t  the  o t h e r  
f a c i l i t i e s  a r e  i n  agreement w i t h  t h e  data presented .  
As seen  i n  Table 1, t h r e e  d i f f e r e n t  Reynolds numbers were run a t  
each Mach number. The Reynolds numbers run  were the  h i g h e s t  and lowest  
p o s s i b l e  as determined by f a c i l i t y  l i m i t a t i o n s ,  and a nominal va lue  was  
run  t o  supplement t hese  two v a l u e s .  The Reynolds numbers obtained a r e  
compared i n  f i g u r e  6 w i t h  the  Reynolds numbers f o r  t h e  o t h e r  t e s t s  pre-  
sen ted  h e r e i n  and w i t h  t h e  t r a j e c t o r y  Reynolds numbers f o r  t he  f u l l -  
s c a l e  f l i g h t  v e h i c l e .  
The f a i r e d  curve i s  based on t h e  a r i t h m e t i c  mean of t he  t h r e e  sets  
of  d a t a .  
v a r i a t i o n  from t h e  a r i t h m e t i c  mean of 21.9 pe rcen t  i n  C N ~  a t Mach 1 . 2  
and k.07 c a l i b e r s  i n  CP/D a t  Mach 1 . 2 .  The average v a r i a t i o n  a c r o s s  
t h e  Mach range from . 6  through 1 . 3  is k1.35 pe rcen t  f o r  C N ~  and 2.06 
c a l i b e r s  f o r  CP/D. Ac tua l ly ,  f o r  most Mach numbers, t hese  v a r i a t i o n s  
are w i t h i n  the  accuracy range which might be expected of experimental  
d a t a ,  and no c o n s i s t e n t  t r ends  as a f u n c t i o n  of Reynolds number are 
apparent .  
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The v a r i a t i o n  of bo th  C N ~  and CP/D i s  s l i g h t .  A maximum 
G. E f f e c t  of Reynolds Number on the  Forebody Axial  Force C o e f f i c i e n t  
V a r i a t i o n  w i t h  Mach Number a t  Angles of A t t ack  near Zero Degrees 
Figure 37 p r e s e n t s  the  v a r i a t i o n  of CA 
degrees a f o r  t h e  Apollo-Saturn V launch v e h c l e  a t  @ = 45 degrees .  
w i t h  Mach number nea r  zero  
The f a i r e d  curve is based on the a r i t h m e t i c  mean of the  t h r e e  sets 
of d a t a .  
0.60 and of k6.4 percen t  a t  Mach 0.80 is observed. 
numbers, the  v a r i a t i o n  decreases  t o  approximately +3 percen t  o r  less.  
The average v a r i a t i o n  over t he  Mach number range from 0.6 through 1.3 
i s  +5 percent .  
A v a r i a t i o n  from the  arithmetic mean of 14.3 percen t  a t  Mach 
A t  the h ighe r  Mach 
The l a r g e  v a r i a t i o n  a t  Mach numbers 0.6 and 0.8 is a t t r i b u t e d  i n  
p a r t  [2O] t o  a t rend  of dec reas ing  CAf w i t h  i n c r e a s i n g  Reynolds number 
which i s  caused by the  inf luence  of Reynolds number on the  s k i n  f r i c -  
t i o n  component of C A ~ .  
H. E f f e c t s  of Reynolds Number on the  S t a t i c  Longi tudinal  S t a b i l i t y  
V a r i a t i o n  w i t h  Mach Number a t  Angles of A t t ack  from 2 t o  16 
Degrees 
Figure 38 p r e s e n t s  the v a r i a t i o n  of CN and CP/D w i t h  M f o r  the 
Apollo-Saturn V launch v e h i c l e  a t  2 5 a 5 16  degrees and @ = +45 degrees ,  
Three Reynolds numbers were t e s t e d  a t  each Mach number. The f a i r e d  curve 
is  based on the  a r i t h m e t i c  mean of the  t h r e e  s e t s  of d a t a .  The average 
v a r i a t i o n  of the  data from t h i s  mean over the Mach number range from . 6  
through 1.3 i s  l e s s  than +2 percen t  f o r  CN a t  a l l  angles  and less than 
k . 1  c a l i b e r s  f o r  C P / D  a t  all angles  except 4 degrees ,  where i t  went t o  
+. 18 c a l i b e r s  . 
A s  p rev ious ly  expla ined ,  the  d i p  i n  the  CN curve and the  correspond- 
ing forward movement of C P / D  near  Mach 1.1 i s  a t t r i b u t e d  t o  l o c a l  shocks 
i n  the  t a i l b a r r e l  reg ion .  Even though the  range of Reynolds number a t  
which t h i s  model was  t e s t e d  overlapped the  Reynolds numbers a t  which the  
s m a l l e r  models were t e s t e d ,  t h i s  t rend  is much more e v i d e n t  f o r  a l l  
Reynolds numbers a t  which t h i s  model was t e s t e d  than i t  w a s  f o r  the  
smal le r  models. However, the CN d i p  i s  l e s s  prominent f o r  the  low 
Reynolds number case.  There a l s o  seems t o  be a s l i g h t  tendency f o r  CN 
t o  dec rease  and CP/D t o  i n c r e a s e  w i t h  i n c r e a s i n g  Reynolds number, b u t  
t he  t rend  is  n o t  c o n s i s t e n t  a t  a l l  Mach numbers and the  d i f f e r e n c e s  a r e  
s o  small t h a t  a conclusive s t a t emen t  i s  n o t  p o s s i b l e .  
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I V .  CONCLUSIONS 
It i s  shown that the agreement of small-scale model d a t a  from the 
MSFC 14-inch wind tunnel  w i t h  d a t a  from t h e  l a r g e r  models and tunne l s  
i s  good w i t h  one except ion.  The CAf d a t a  were s i g n i f i c a n t l y  lower i n  
the t r a n s o n i c  Mach number regime f o r  t h e  MSFC model because the e f f e c t  
of t h e  b a s e  f l o w  d e f l e c t o r s  was  n o t  c o r r e c t l y  s imulated.  This  i n d i c a t e s  
that  c a u t i o n  should be exerc ised  when seeking  t o  s i m u l a t e  protuberance 
e f f e c t s  on t h i s  s i z e  model. 
C o r r e l a t i o n  of d a t a  from the d i f f e r e n t  t e s t s  -- even g r a d i e n t s  nea r  
ze ro  f o r  t h e  h i g h  a t e s t s  -- i s  adequate  except  f o r  c o n f i g u r a t i o n s  wi th-  
o u t  f i n s  and shrouds.  It i s  e v i d e n t  t h a t  a more s e n s i t i v e  ba lance  
should have been used f o r  t h e s e  c o n f i g u r a t i o n s .  
A r e d u c t i o n  i n  CN and corresponding i n c r e a s e  i n  CP/D a t  Mach 
number 1.1 i s  a t t r i b u t e d  t o  l o c a l  shocks i n  the t a i l b a r r e l  r eg ion .  
However, t h i s  t rend i s  no t  seen  over t h e  range t o  a = 10 degrees  and 
Mach number = 1 . 3  when t h e  e x t e r n a l  protuberances forward of t he  engine 
shrouds a r e  removed; a p p a r e n t l y  because of changes i n  the  boundary 
l a y e r .  The t rend i s  most prominent f o r  t h e  l a r g e s t  model t e s t e d  and 
seemed t o  i n c r e a s e  s l i g h t l y  w i t h  i n c r e a s i n g  Reynolds number. It  i s  
t h e r e f o r e  considered a v a l i d  t rend f o r  t h e  f u l l  s c a l e  v e h i c l e .  
The accurac;r band presented i n  the  c u r r e n t  s t a t i c  aerodynamic 
des ign  c r i t e r i a  i s  shown t o  adequate ly  c o n t a i n  experimental  inaccurac ies  
over a wide range of t e s t  condi t ions  if proper experimental  procedures 
are  followed. 
20 
TABLE 1 
TABLE OF TEST CONDITIONS 
Facility 
L W  
4' HSWT 
0.70 
0.80 
0.91 
1 .oo 
1.10 
1-20 
1.30 
1.46 
1.96 
2.99 
4.96 
4.00 
5.3 
6.1 
5.8 9.2 
6.3 & 9.1 
6 -4 
6.5 & 9.1 
6.4 
5.0 
0.70 
0.80 
0.90 
1-00 
1.10 
1.20 
1.41 
1 a61 
2.00 
2.41 
2-99 
7.2 
7.6 
7.4 & 9.5 
7 -0 
7.1 
7.4. & 10.5 
6 e 7  
7.2 & 11.0 
6 -3 
6.5 & 13.9 
7.9 
22 
22 & 34 
22 
22 & 31  
22 
22 6 30 
22 
22 
28 
30 
75 
90 
28 
28 
27 & 29 
24 
25 
25 & 37 
24 
25 & 41 
29 
38 & 76 
6 1  
Nominal 
Tt (OR) 
560 
560 
560 
5 60 
560 
560 
560 
560 
560 
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560 
548 
570 
574 
SY 2 
S 83 
57 6 
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60 9 
623 - 590 
600 
569 
558 - 583 
- .  
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a (degl 
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-4 EO -21 
Model 
Scale 1 
0 m 5 0  
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3 -0 
3.5 
1.9 4 3.5 
1.9 & 3.5 
1.7 6 3.5 
3.5 
3.5 
3.5 
16 
15 
7 & 14 
7 & 13 
6 & 13 
15 
15 
13 
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5 96 
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60 2 
605 
6 13 
6 20 
-4  to  -10 
Facility 
Z D C  
,6’ 
22 
Nominol 
Mach No. 
0.60 
0.80 
0.90 
1.00 
1.05 
1*1@ 
1.15 
1.2c 
1.30 
1.40 
LE I (Concluded) 
0.7,2.8 6 5.7 3, 13 6 26 
@.8,3.3 6 6. 3, 13 & 25 
0,8,3.4 & 6.2 3 ,  13 6 22 
0.5,3.6 6 6.0 3, 13 & 21 
3.6 ~ 13 
G.9,3.6 6 5.7 3 ,  13 & 20 
3.6 13 
0.9,3.6 & 5.3 3,  13 6 18 
0,?,3.0 & 4.9 3 ,  10 & 17 
572 
572 
572 
572 
572 
572 
572 
5 72 
572 
-3 t o  +16 
572 2.4 & 4.2 8 & 15 
W 
c 
0 .- c 
e 
m 
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0 
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c 
.- 
.I- 
2 
P 
u- 
c 0
0 
c 
0 .- c z 
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0 
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23 
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configuration 2 ; = 0" 
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Figure 3 Photographs from C A L  8 - F o o t  TW.T. of Typical Model 
Installations of .9% APOLLO- SATURN V Launch Vehicle 
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Configuration 4 ; + = Oo 
26 
Configuration 3 ; + = 45O 
Figure 3 Concluded 
, 
27 
28 
J 
X 
2 3 4 5 0 I 
Mach Number ,- M 
6 7 0 
Figure 6 Variation of Reynolds Number with Mach Number for the APOLLO-SATURN 
V Launch Vehicle - Experimental Test Conditions Compared to Data for 
Typical Trajectory 
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